Abstract: Air pollution is a significant public health issue all over the world, especially in urban areas where a large number of inhabitants are affected. In this study, we quantify the health burden due to local air pollution for Warsaw, Poland. The health impact of the main air pollutants, PM, NO X , SO 2 , CO, C 6 H 6 , BaP and heavy metals is considered. The annual mean concentrations are predicted with the CALPUFF air quality modeling system using the year 2012 emission and meteorological data. The emission field comprises point, mobile and area sources. The exposure to these pollutants was estimated using population data with a spatial resolution of 0.5 × 0.5 km 2 . Changes in mortality and in disability-adjusted life-years (DALYs) were estimated with relative risk functions obtained from literature. It has been predicted that local emissions cause approximately 1600 attributable deaths and 29,000 DALYs per year. About 80% of the health burden was due to exposure to fine particulate matter (PM 2.5 ). Mobile and area sources contributed 46% and 52% of total DALYs, respectively. When the inflow from outside was included, the burden nearly doubled to 51,000 DALYs. These results indicate that local decisions can potentially reduce associated negative health effects, but a national-level policy is required for reducing the strong environmental impact of PM emissions.
Introduction
Ambient air pollution causes one of the biggest environmental health challenges in many Global cities. According to the World Health Organization [1] , air quality in the majority of urban agglomerations-especially in low-and middle-income countries-do not meet the respective air quality guidelines [2] . Air pollutants, and fine particulate matter (PM 2.5 ), in particular, are emitted into the atmosphere from many sources and cause a multitude of environmental and health effects. Some of the health effects (stroke, heart disease, lung cancer, chronic and acute respiratory diseases, including asthma) are mainly caused by fine fractions of particulate matter [3, 4] . A high concentration of this type of air pollution is estimated to cause more than three million premature deaths worldwide each year [1] .
As many other European agglomerations, Warsaw also suffers from high concentrations of air pollutants which are typical of the urban environment. These include particulate matter, sulfur dioxide (SO 2 ), nitrogen oxides (NO X ), carbon monoxide (CO), benzo(a)pyrene (BaP), and heavy metals (Pb, As, Cd, Ni), as well as polycyclic aromatic hydrocarbons (PAHs). In practice, the adverse impact of some particular pollutants on urban air quality depends on several individual factors, such as the city location, topography, the structure of the emission field, meteorology, etc. In Warsaw, the composition
Methods

The Study Area and Spatial Resolution
The base of this study is an air quality analysis for the Warsaw agglomeration from the year 2012, presented in [5, 12] . To simulate pollution dispersion processes, the Gaussian puff model CALPUFF v.5, [13] , frequently applied in regional/urban scale analysis of air quality [12, 14] and recommended by US EPA [15] , was used. It is a multilayer, non-stationary model designed for calculating concentrations of many substances, emitted by different types of sources. Meteorological fields were re-analyzed by the Weather Research and Forecasting Model (WRF) model, and the National Center for Atmospheric Research [16] , and assimilated to the final resolution grid by the CALMET meteorological, cooperating preprocessor. The aim of the simulation was to obtain the spatial maps of the year average concentrations of the main urban pollutants (see Table S1 in Supplementary Materials), to show districts/areas where the pollution limits were exceeded and to identify emission sources responsible for these violations. See [5, 8] for uncertainty estimates and assessment of the model's performance.
The Structure of the Emission Field
The Warsaw Metropolitan Area-about 520 km 2 within the administrative borders and with a total population of 1,715,517 inhabitants [17] in the year 2012-is shown below in Figure 1 (for detailed population structure see Supplementary Materials Table S2 ). The study area was discretized for the numerical analysis with a homogeneous grid of 0.5 × 0.5 km 2 . To take into account specific types of the different emitters, the total emission field was split into the following categories of sources: point (high and low emission height separately), area, and line (mobile). A separate class of the high point sources was comprised of the power/heating plants, which operate within the district heating system and are used in the main part of the agglomeration. Thus, the aggregate emission field consisted of the categories listed here, with the respective quantity of the individual sources in each category:
• The total emission field encompassed the Warsaw area within its administrative borders and the surrounding belt of approximately 30 km wide (see Figure 1b) . The locations of the point sources were identified by their geographical coordinates. The area and line sources were represented as basic grid emission squares, 0.5 × 0.5 km 2 , inside the Warsaw administrative borders (Figure 1a) , and also in the aggregated grid, 1 × 1 km 2 , of the surroundings (Figure 1b) . The local city areas in the suburban region were also represented by the nested fine resolution grid, as shown in Figure 1b .
The computed annual mean concentrations of the polluting compounds listed in (Supplementary Materials Table S1 ) have been recorded at 2248 receptors points, which coincided with the central points of the spatial resolution elements shown in Figure 1a. 
Concentrations and Population Weighted Exposure of Air Pollutants
The annual mean concentrations of NOX, PM10, PM2.5 and BaP exceeded the European Union limit values [2, 18] in some districts [5] . The respective concentration maps are shown in Figure 2 . The other compounds listed in Supplementary Material Table S1 , did not violate the air quality standards [5] , but they also contributed to the final adverse health effects. The total emission field encompassed the Warsaw area within its administrative borders and the surrounding belt of approximately 30 km wide (see Figure 1b) . The locations of the point sources were identified by their geographical coordinates. The area and line sources were represented as basic grid emission squares, 0.5 × 0.5 km 2 , inside the Warsaw administrative borders (Figure 1a) , and also in the aggregated grid, 1 × 1 km 2 , of the surroundings (Figure 1b) . The local city areas in the suburban region were also represented by the nested fine resolution grid, as shown in Figure 1b .
The computed annual mean concentrations of the polluting compounds listed in (Supplementary  Materials Table S1 ) have been recorded at 2248 receptors points, which coincided with the central points of the spatial resolution elements shown in Figure 1a. 
The annual mean concentrations of NO X , PM 10 , PM 2.5 and BaP exceeded the European Union limit values [2, 18] in some districts [5] . The respective concentration maps are shown in Figure 2 . The other compounds listed in Supplementary Materials Table S1 , did not violate the air quality standards [5] , but they also contributed to the final adverse health effects. Quantification of these effects was based on the population average concentration (exposure) of the pollutants considered. Figure 3 presents the population density map of Warsaw [19] . The map for the year 2005 was previously used in [20] , and was modified for the year 2012 according to [17, 21] data. The spatial resolution applied in the population density map is the same as that used in the forecasting model computations (0.5 × 0.5 km 2 ). The legend on the map represents the number of inhabitants in one elementary resolution square. Quantification of these effects was based on the population average concentration (exposure) of the pollutants considered. Figure 3 presents the population density map of Warsaw [19] . The map for the year 2005 was previously used in [20] , and was modified for the year 2012 according to [17, 21] data. The spatial resolution applied in the population density map is the same as that used in the forecasting model computations (0.5 × 0.5 km 2 ). The legend on the map represents the number of inhabitants in one elementary resolution square. [19] ).
The population average exposure (E) for the individual emission sources and the specified pollutant, was calculated with the following formula:
where , is exposure, , , is concentration, is the receptor population, i is the receptor index, j is the pollutant index, and k is the emission source index within emission category. The aggregated exposure index for each pollutant within the emission category was obtained by summing up in (1) with respect to the emission sources .
, ,
The distribution of the population density in (1) and (2) plays the role of the weight function, hence, the unit of exposure in both formulas is the same as for concentration, (µg/m 3 ).
Estimation of Health Burden
The estimation of health burden followed similar methods as described in [20, 22] . For gaseous air pollutants and metals, the health risks were estimated for an individual pollutant. For the particulate matter, the health risks were calculated separately for two size fractions: PM2.5 and PM2.5-10. Thus, we assumed that the toxicity of the particles varied between primary (PM2.5) and coarse (PM2.5-10) fractions of the PM, but not between the source or chemical composition. The details on burden of disease calculations, exposure-response functions, equations and data sources are all described in Supplementary Materials, Tables S3 and S4 .
Two measures of health were used: the number of attributable deaths, and disability-adjusted life-years (DALY). The advantage of the DALY measure is that it combines mortality and morbidity impacts into one measure of health, allowing for comparison between, for example, mild mental retardation caused by Pb, and increased mortality caused by PM2.5.
For the background DALY and mortality data, we used the year 2013 Global Burden of Disease The population average exposure (E) for the individual emission sources and the specified pollutant, was calculated with the following formula:
where E k,j is exposure, C i,k,j is concentration, Pop i is the receptor population, i is the receptor index, j is the pollutant index, and k is the emission source index within emission category. The aggregated exposure index for each pollutant within the emission category was obtained by summing up in (1) with respect to the emission sources k.
The estimation of health burden followed similar methods as described in [20, 22] . For gaseous air pollutants and metals, the health risks were estimated for an individual pollutant. For the particulate matter, the health risks were calculated separately for two size fractions: PM 2.5 and PM 2.5-10 . Thus, we assumed that the toxicity of the particles varied between primary (PM 2.5 ) and coarse (PM 2.5-10 ) fractions of the PM, but not between the source or chemical composition. The details on burden of disease calculations, exposure-response functions, equations and data sources are all described in Supplementary Materials Tables S3 and S4 .
Two measures of health were used: the number of attributable deaths, and disability-adjusted life-years (DALY). The advantage of the DALY measure is that it combines mortality and morbidity impacts into one measure of health, allowing for comparison between, for example, mild mental retardation caused by Pb, and increased mortality caused by PM 2.5 .
For the background DALY and mortality data, we used the year 2013 Global Burden of Disease [44] country file for Poland (Supplementary Materials Table S5 ). The burden data was estimated from national data by assuming that age and gender specific death and DALY rates were the same in Poland and in Warsaw (see population data in Supplementary Materials Table S2 ). The health calculations were done with the Monte Carlo simulation program Analytica, version 4.6. (Lumina Decision Systems, Inc., Los Gatos, CA, USA). Uncertainty was propagated through the model with 50,000 iterations.
Results
Concentration and Exposure
The spatial distribution of exposure values for selected pollutants, representing the line and area emission categories in the considered domain is shown in Supplementary Materials Figure S1 . All the sources presented were split into two groups: those located inside the square domain indicated in Figure 1b (blue dots) and those located outside this square (red dots). The aim was to assess the share of emission sources located outside the close vicinity of Warsaw. For the line emissions (left panels), the dominating share of the intra-urban sources could be seen, including high-traffic roads in the close vicinity of Warsaw. For the area emissions, the share of the intra-urban sources was low, mainly due to residential emissions of the peripheral districts (right panels). On the other hand, a significant contribution of the sources located in the direct vicinity of Warsaw (blue color) could be observed. This was not only due to their emission intensity, but also to results from a coarse spatial resolution in this case, where each emission source was represented by an element of 1 × 1 km 2 , instead of 0.5 × 0.5 km 2 , as for other sources.
The trans-boundary inflow contributed significantly to the final exposure. Aerosols SO 2− 4 and NO − 3 were the secondary pollutants (Supplementary Materials Table S1 ), where the share of the local sources was minor, mainly due to the time which is required for aerosol formation. The contribution of the aerosol's inflow from distant sources was greater due to the longer periods of time spent in the atmosphere, where they were transported and transformed. Also, the contribution of the inflow particulate matter, which contained aerosols as components, was considerable.
The population weighted concentration (exposure) for the studied air pollutants is presented in Table 1 for four local emission categories and the trans-boundary inflow from distant emission sources. For most pollutants, local emission sources caused larger exposure than external inflow from outside the study area. The main exceptions were secondary sulfate and nitrate aerosols for which inflow contribution was dominate in the resulting exposure (76% for SO 2− 4 and 81% for NO − 3 ). Due to the spatially limited receptor area, the time interval during which the local pollutants remained in the domain was too short for complete transformation. The time required for aerosol formation is a key factor in this case. In the cases of PM 2.5 and CO, almost half of the exposure was also due to external inflow. 
Health Burden
Air pollution was estimated to cause approximately 2800 (95% CI: (Confidence Interval) 2100 to 3500) attributable deaths per year in the study area (Table 2 ) and 51,000 (95% CI: 39,000 to 62,000) DALYs (Table 3 ). Approximately 82% of the total attributable deaths were due to PM 2.5 air pollution, and 16% due to NO X . About 1% of the deaths were due to all other pollutants. Air pollution influx from outside of the study area caused 45% of the deaths, and local emissions caused 55% ( Table 2) . Of local emission sources, the area sources (residential) were the most important, followed by the line sources (traffic) ( Table 2 ). Point sources (high and low combined) caused about 1% of the attributable deaths. The DALY results presented in Table 3 were similar to attributable deaths, with most of the DALYs (84%) being due to PM air pollution, followed by NO X (14%). From the morbidity outcomes, chronic bronchitis (COPD) caused the highest health burden. 
Discussions
In this study, we quantified the health burden due to air pollution in the city of Warsaw, Poland, with the high resolution of 0.5 × 0.5 km 2 . The emission field comprised the city territory and the area surrounding the city with the diameter of 90 km, as well as the pollution inflowing from outside of the study area. Several pollutants typical of the town atmosphere were considered, including particular matters, oxides, and heavy metals, as well as benzene and benzo(a)pyrene. Due to differentiated land use characteristics of the town, and different types of urban development, the pollution was very diverse in different town quarters, thus the high resolution estimation improved the quality of results. To quantify the health effect, the health risk was calculated for each individual pollutant.
Meaning of the Study
This study provides important background information for developing mitigation strategies for air pollution in Warsaw. The magnitude of the health burden, 2800 deaths per year and 51,000 DALYs per year, indicate that air pollution is a significant environmental health problem in Warsaw. These represent 15% and 9% of all deaths and DALYs, respectively, in the study area (Supplementary Materials Table S5 ). Approximately 45% of the attributable deaths were due to air pollution inflow from outside Warsaw, and 55% were due to local emissions sources, indicating that local, national and international mitigation strategies are required in order to reduce the health burden. From local sources, the area sources, representing residential emissions, caused 47% of the burden and the linear sources (traffic) caused 50%. This clearly indicates that local mitigation actions should target these two emission categories, while point sources had a nearly insignificant direct impact on the health burden.
The study also provides information on the relative weight of different air pollutants for causing health risks, and information regarding the health outcomes they cause. For both attributable deaths and DALYs, PM 2.5 caused almost the entire health burden, and for DALYs, most of the health burden due to PM 2.5 was associated with non-accidental mortality. Thus, most important air pollution is PM 2.5 , which causes non-accidental mortality. Other pollutants and health outcomes had minor impacts on health. This result is similar to the European Environmental Agency (EEA 2015) Air Quality in Europe report that estimated attributable deaths due to PM 2.5 , ozone (O 3 ) and NO 2 . For Poland, the number of deaths were 44,600, 1100 and 1600, respectively, for the three different pollutants. Also, in their analysis most of the attributable deaths (94%) were due to PM 2.5 . Similarly, the European Environmental Burden of disease study that included PM 2.5 , benzene, and lead, together with several other environmental stressors, concluded that most of the health burden was due to PM 2.5 .
Although the presented results relate specifically to the Warsaw agglomeration, the conclusions are likely applicable to other central-eastern European cities, and also to many cities in low-and middle-income countries around the world. Warsaw has seen rapid the growth of private car ownership in the past decade, while at the same time houses are still warmed by coal [5] . In addition to local emissions, the influx of pollutants from outside the city also plays an important role in reducing the air quality.
Strengths and Limitations of the Study
The strength of this study is the use of a well-established dispersion modeling system based on CALPUFF and emission data, the combination of fine scape population data with the resulting air pollution concentration, and estimating the health burden for multiple air pollutants and health outcomes. The main strength lies in a combination of these methods to product one assessment with one purpose.
The main limitation of the study is the lack of ozone concentration impact on the considered health burden. Together with PM 2.5 and NO 2 , ozone is among most important air pollutants from a health effect point of view. The CALPUFF system, due to its linear structure, is not an appropriate modeling tool to analyze tropospheric ozone formation. On the other hand, the acquaintance of ozone concentrations is an important driving force in other urban atmospheric processes. Hence, in this study, the ozone concentrations are based on the measurements [45] for the year 2012. A sequence of hourly observed values at eight stations located in the study area ( Figure 1 ) were entered and interpolated the computational grid. The hourly variability range of the measured ozone concentrations was 3-90 µg/m 3 . The annual mean values were 24-30 µg/m 3 depending on the measurement point, and the similar mean for the summer period with the highest occurrence of ozone were within the range of 28-38 µg/m 3 . The Polish reference value [45] of hourly ozone concentration is set to 150 µg/m 3 . As indicated in an earlier study [46] , ozone is estimated to cause 1100 attributable deaths in Poland, and likely tens or hundreds of cases in Warsaw. Even if we assume that ozone would cause hundreds of attributable deaths in Warsaw, the total health burden in Table 2 would be in the same magnitude. Hence, the health burden due to ozone would be much smaller than that for PM 2.5 , and at maximum in same level with NO X . Moreover, lacking the modelling results, it is not known how much of the ozone concentration was due to distant sources, so the contribution of local sources to local level ozone could be even lower.
The attributable deaths and DALYs due to air pollution were calculated by combining the impact of individual pollutants together, although some of the pollutant categories used in this study overlapped. For example, metals disperse through the air in particulate format and the metal emissions were therefore also included in PM emissions. This may have led to overestimation of the impact. However, since the total burden caused by all the heavy metals and BaP combined was still less than 1% of the total burden, it is assumed that the potential impact of double counting is small. In some environments, where the concentrations of heavy metals are higher, the method used here could potentially lead to higher overestimation of the burden.
We also acknowledge that evidence on causality vary between pollutants, being strong for PM 2.5 and Pb but less so for SO 2 and NO X . Here we assumed that all pollutants considered are causally linked to associated health outcomes, and this could result in overestimation of the true burden if future research would prove otherwise. However, as with the potential double counting, the total burden would likely be estimated to be similar because most of it is due to PM 2.5 , which does have strong epidemiological evidence to back-up causality.
We also estimated the health burden by assuming that the whole population was exposed to the same population average concentration. Due to non-linearity in the exposure-response functions, this will have created a small error in the calculation in comparison to a situation where we would estimate the health burden of each 0.5 × 0.5 km grid separately.
Comparison to Other Studies, Discussing Important Differences in Results
Two previous studies have estimated the health burden due to transport-related air pollution in the same study area with substantially different methods and results. Tainio [22] estimated that transport-related air pollution causes 25,000 DALYs a year (in this study, 15,000 DALYs, Table 3 ) using methods and data similar to this study. The main reason for the lower burden in this study is the update of the concentration-response function for all-cause mortality for PM 2.5 , [23, 30] . Adamkiewicz et al. [47] used roadside measurements to estimate the contribution of local traffic to atmospheric PM 10 and NO X concentration in the study area, and the Life Cycle Impact Assessment tool ReCiPe (http://www.lcia-recipe.net/) to estimate the health burden due to these two pollutants. Their estimate for health burden is 1700 DALYs, about one magnitude smaller than our estimate. However, if we compare [47] 's results with the health burden caused by PM 2.5-10 and NO X , then the difference in results is much smaller (5400 DALYs in this study versus 1700 DALYs in [47] ). This might indicate that [47] 's results are smaller because they didn't include fine particulate matter (PM 2.5 ) in their analysis.
Few studies have estimated the burden of disease due to air pollution in Poland. In the [19] air quality report, the total attributable deaths in Poland was assumed to be 47,300 deaths per year, and another study estimating impact reported 39,800 attributable deaths in Poland for the year 2000 [46] . When scaled from the population of Poland (38.6 million) to the population of Warsaw (1.72 million), the attributable deaths from each study would be 2100 and 1800 cases per year, respectively, by assuming that the burden was equally distributed around the country. In the Global Burden of Disease Study 2013 [44] the impact of air pollution in Poland was 433,000 DALYs, and similarly, the contribution of Warsaw would have been 19,300 DALYs (versus the 51,000 DALYs estimated in this study). The result from the EEA is similar to this study (2100 versus 2800 deaths) when taking into account that urban areas are more polluted than country areas, on average. The estimate from study [44] is much smaller. The GBD (Global Burden of Disease) Integrated Risk Function (IRF) method [48] used uncertain threshold values between 5.8 and 8.8 µg/m 3 to set up counter-factual scenarios for five individual disease outcomes (ischemic heart disease (IHD), stroke, chronic obstructive pulmonary disease (COPD), lung cancer, and acute lower respiratory infection). The use of individual diseases might have led to smaller impacts than the use of all-cause mortality, defined as natural mortality in this study. However, without detailed analysis of GBD results, that cannot be quantified.
The results between different pollutants and health outcomes were similar in study [22] , which estimated health effects of local transport-related air pollution in Warsaw. Also in that study, most of the air pollution-related health effects were due to non-accidental mortality due to PM 2.5 . However, in the present study the relative contribution of PM 2.5 was smaller, due to an updated concentration-response function for PM 2.5 . This increased the importance of NO X , but had a minor impact on other pollutants. Another study from Finland [49] estimated the burden of air pollution for 14 different pollutants, including all the main pollutants from this study plus ozone. They found out that from the total health burden (33,000 DALYs), 64% was due to PM 2.5 , and 28% due to PM 10 , ozone and NO 2 . Thus, in their analysis, the total contribution of PM 2.5 alone was slightly smaller than in our study (71%) but within a similar magnitude when taking into account that they included the effect of ozone.
The estimates of Mild Mental Retardation (MMR) presented in Table S6 of Supplementary Materials are based on [39, 50] . Relative risk values for cardiovascular disease shown in Table S7 in Supplementary Materials are adopted from [39, 41] .
Unanswered Questions and Future Research
Only exposure to outdoor air pollution was considered in the assumed home addresses. Most of this exposure to outdoor air pollution occurs indoors and is impacted by the indoor sources of air pollutants. For example, [51] estimated that in Poland 66% of the burden of disease from residential indoor exposure is due to PM 2.5 from the outside air. Other significant sources were indoor generated PM 2.5 , radon and home dampness.
Conclusions
The modelling results indicate that air pollution causes 2800 deaths a year in Warsaw. From this 45% are due to inflow from outside the study area, and the rest due to local emissions. From all the local emissions, area sources (residential) caused 46% of the burden and linear sources (transport) caused 52%. The impact of point sources was around 1%. Nearly all the deaths (91%) were due to PM 2.5 , highlighting importance of this pollutant for population health. When morbidity effects were included in the calculations, non-accidental mortality due to PM 2.5 accounted for about 71% of the total DALYs (36,000 DALYs out of a total impact of 51,000 DALYs).
A large fraction of the PM 2.5 pollution in Warsaw comes from sources located outside of the Warsaw borders. In this study, about half of the related health risks in Warsaw were due to the local emission sources and the other half due to inflow. Thus, the dominating risk factor relates to high exposure to fine particular matter, coming both from local and external sources. Since Poland is one of a few European Union countries responsible for the highest PM 2.5 emissions (including BaP) (EEA 2012; 2015) , appropriate government decisions are essential for decreasing the health risk level. With reference to the housing sector, policies that could reduce emissions would include, for example: (i) assisted replacement of the coal-fired installations by natural gas ones; (ii) subsidized installations of low-emission coal furnaces; (iii) considerable increase in the coal quality for domestic use. Moreover, since the other emission categories also significantly contribute to the inflow of pollutants (85% of the energy in Poland is generated by coal combustion), an increase in the share of renewable sources on the national scale could also improve air quality in Warsaw, and elsewhere in Poland.
Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/14/11/1359/s1. Table S1 : Primary and secondary pollutants considered, Table S2 : Population of Warsaw and Poland by age and sex, Table S3 : Disability weights and duration data, Table S4 : Summary of concentration-response functions used in the study, Table S5 : Background burden in the study area, Table S6 : Calculation of Mild Mental Retardation (MMR) due to Pb, Table S7 : Relative risk values for cardiovascular disease for different blood level Pb's, Figure S1 : Exposure of the selected pollutants attributed to the individual emission sources.
